Heat transfer in segmented flow in microchannels can be significantly enhanced by recirculating vortices, due to the presence of interfaces. The processes of heat transfer in segmented flow subjecting to asymmetric boundary conditions are studied. Two types of boundary conditions are considered, asymmetric constant surface temperature and asymmetric constant surface heat flux. The paths of heat flow and the effects of the thermal conductivity, the plug length, and the Peclet number are studied.
Introduction
Heat generated by microprocessors with ultra large scale integration causes a problem to many modern electronic devices and thus hinder their development. Efficient cooling is crucial for maintaining their desired performance. If heat cannot be removed immediately, microprocessors will become unreliable or be permanently destroyed. High heat flux cooling is also required in applications such as high heat-load optical components, laser diode arrays, and X-ray medical devices. Different methods have been proposed to cope with the high heat flux in heat exchangers, such as spray cooling [1] [2] [3] , jet impingement [4] , heat pipes [5, 6] , and microchannels [7] [8] [9] . Heat transfer in microchannels is enhanced by large heat transfer areas per unit volume. Another advantage of microchannels is the possibility to directly integrate the cooling components into microchips to achieve efficient cooling.
In comparison with single phase microchannel heat exchangers, multiphase microchannel heat exchangers have a much higher efficiency, thanks to the recirculating vortices in multiphase flow. Due to the presence of interfaces, the recirculating vortices can enhance the heat transfer by advecting heated fluid from the wall to the central region of the microchannel, and by supplying fresh fluid from the central region of the microchannel to the wall [10, 11] . The flow dynamics [12] [13] [14] [15] , mass transfer [16, 17] in segmented flow has been widely studied experimentally [12, 18] , numerically, and analytically.
The heat transfer enhancement of multiphase flow in microchannels has been proven experimentally by several research groups. Betz and Attinger [19] performed experiments on a polycarbonate heat sink consisting of an array of seven parallel microchannels, using water and air to form segmented flow. Sharon et al. [20] utilized a copper tube with 2 mm inner diameter as the flow channel, while using water and nitrogen as the two immiscible phases. The temperature was measured using several thermal couples along the tube. Lim et al. [21] used borosilicate circular glass tubes with inner diameters of 300 and 500 µm, and a thin layer of Indium Tin Oxide (ITO) coating on the tubes as the heat source.
To analyze the heat transfer process in plug flow, Muzychka et al. [22, 23] proposed a simplified model to consider the whole process as a Graetz problem with steady state heat transfer. Numerical simulations were performed to study multiphase heat and mass transport in microchannels.
Some simulations were based on fixed frames of references [24] [25] [26] , while others were based on frames of references following the droplets/plugs [27, 28] , which could significantly reduce the simulation time.
Besides the traditional pressure-driven method, another strategy to actuate droplets is to use electrowetting on dielectric (EWOD), which manipulates individual droplets by applying a series of electrical potentials to an array of patterned electrodes [29, 30] . This subfield of microfluidics is often termed digital microfluidics. Digitized heat transfer on the basis of EWOD was proposed by Mohseni and Baird [31, 32] . In comparison with pressuredriven flow in microchannels, the digital approach could avoid high pressure problems, which is encountered in pressure-driven flow in microchannels at high flow rates.
Although many investigations of heat transfer in segmented flow have been reported, many of the observed phenomena remain unclear. The investigation is challenging because heat transfer in segmented flow in microchannels is a complex process and involves many parameters. In the previous studies, we studied the heat transfer process of gas-liquid plug flow subjecting to constant surface temperature in two dimensional (2D) microchannels [10] , and the heat transfer process of gas-liquid plug flow subjecting to constant surface heat flux in cylindrical microchannels [11] . The results showed that heat transfer could be significantly enhanced by the recirculating vortices. Here we extended this method to study the heat transfer process of liquid-liquid segmented plug trains moving in microchannel subjecting to asymmetric boundary conditions, where a plug train refers to a series of N consecutive different plugs which repeat periodically in microchannels. With asymmetric boundary conditions, one wall of the microchannel is adiabatic, and the other wall is maintained at a constant surface temperature or a constant surface heat flux, as shown in Figure 1 . When the flow in microchannel heat sinks is in the flow regimes of plug trains, the heat transfer benefits from the recirculating vortices, and is further enhanced by the interaction of both phases. In addition, asymmetric heat transfer problems are often encountered when only one side of the heat sink is in contact with heat sources.
For most microchannels, the typical widths are about several tens to hundreds of micrometers. At this scale, the continuity of mass, momentum, and energy is still valid for the liquid in the microchannels [33, 34] , and is used in this investigation. This paper is organized as follows. The numerical methods are described in Section 2. The results are presented and discussed in Section 3. The process of heat transfer is analyzed, the asymmetric features of heat transfer are discussed, and the effect of thermal conductivity is studied.
Methods

Flow field in plug trains moving in microchannels
To study the flow field in plug trains, a moving frame of reference was built on each plug following the plug train, as shown in Figure 2 . The moving frames of reference were used for the flow field and the heat transfer.
To reduce the computation time, a theoretical flow field for plug trains [35] was employed and substituted into the simulation of heat transfer process, which has the form of , which leads to a film thickness of 1.5% of the radius of capillary tubes, based on the correlation in [36] . The details of the coefficients in Eqs. (1)- (2) and the method to obtain the theoretical solution are explained in [35] . In this paper, we only consider plug trains consisting of two plugs, as shown in Figure 2 . Plug trains with more plugs could be studied similarly.
Simulation of heat transfer
The governing equation for heat transfer in plug trains is expressed as
where ρ, c p , k are, respectively, the density, the specific heat capacity, and the thermal conductivity of the fluid. In Plug 1, ρ = ρ 1 , c p = c p1 , and k = k 1 , while in Plug 2, ρ = ρ 2 , c p = c p2 , and k = k 2 .
Using the properties of Plug 1 as the characteristic values, Eq. (3) could be non-dimensionalized to
. τ is the characteristic time, ρc p is the volumetric heat capacity, and P e is the Peclet number. With this normalization, the dimensionless timet and the dimensionless axial location of the plug train in the microchannelX satisfy,
i.e., at the instantt, the plug train is atX =t in the microchannel.
The ratio of the volumetric heat capacities between the two plugs is defined as
while the ratio of the thermal conductivities is defined as
Two types of boundary conditions for heat transfer are considered, as shown in Figure 1 : (1) the TA boundary condition, the characteristic temperature T c is defined as
Therefore, the corresponding boundary conditions at the channel walls in dimensionless forms are ∂T ∂ŷ = 0 atŷ = 1 (9)
For the QA boundary condition [ Figure 1 (b)], the characteristic temperature T c is defined as
where q w is the heat flux across the channel wall. The corresponding boundary conditions in dimensionless forms are
In both the TA and QA boundary conditions, at the interfaces of the two plugs, the temperatures of the two adjacent plugs are identical, and the energy is conserved:
= k 1 ∂T ∂x
The finite volume method (FVM) [37] was used to solve Eq. (4) for the unsteady heat transfer in plug trains. The simulation domain, i.e., two consecutive plugs, was divided into structured control volumes (CVs) with uniform size. A staggered grid is adopted to avoid the check-board distribution of the pressure field. The transient term was discretised using first order implicit scheme, the convection term using the power law scheme, while the diffusion term using the second order central difference scheme. In the iterative produce, the solution is considered converged if the maximum change of the dimensionless temperature for two successive iterations is less than a prescribed value 10 −10 ,
Grid independency study was performed by the repeating refinement of the grid and the time step until grid independent solutions were obtained, as shown in Figure 3 . The comparison show that the grid with 50×200 CVs and the time step ∆t = 2 × 10 −2 is grid independent for the simulation. The grid independency is also tested for different parameters, e.g., the conductivity ratio, the dimensionless plug length. Therefore, this grid density is sufficient for the problem of plug train heat transfer at different parameters. 
Results and discussion
Flow patterns in plug trains
The flow pattern in a typical liquid plug is shown in of the liquid plugs. At the same time, heat is diffused to the adjacent plugs at the plug-plug interfaces (PP).
To quantify the heat transfer at the bottom wall, across the plug-plug interface (PP), and across the mid-plane (SS), the following quantities are defined, as shown in Figure 5 . Q 1A and Q 2A refer to the heat rates at the bottom wall over Plug 1 and Plug 2, respectively. Q 1B and Q 2B refer to the heat rates across the mid-plane (SS) in Plug 1 and Plug 2, respectively. Q G and Q H refer to the heat rates cross the plug-plug interface at the upper and lower halves, respectively. Q E and Q F refer to the heat rates across the rear interface of Plug 1 at upper and lower halves, respectively, and also periodically at the front interface of Plug 2. For simplicity, the heat rates are presented in dimensionless forms, i.e.,
wheren is the unit directional vector normal to the plane as indicated by the arrows in Figure 5 . shown in Figure 6 (f).
Heat transfer across the bottom wall and across the mid-plane SS
To quantitatively investigate the mechanisms of asymmetric heat transfer in plug trains, the heat rates at the bottom wall and at the mid-plane SS are plotted in Figure 7 . For Plug 1, there is a large temperature difference between the wall and the liquid initially. Therefore, a large value of Q 1A is formed by thermal conduction over the wall. At the same time, Q 1B is zero because the fluid in the middle region still remains at the initial temperature.
As time passes, Q 1A decreases dramatically because of the development of the thermal boundary layer and the increase of the fluid temperature in the lower half of the plug. The increase of the fluid temperature in the lower half also results in the increase of Q 1B , as shown in Figure 7 . Therefore, the fluid temperature in the upper half gradually increases, which resists the increase of Q 1B . Consequently, Q 1B decreases gradually after reaching a maximum.
As heat transfer progresses, the fluid temperature gradually approaches the wall temperature, and the heat rates, Q 1A and Q 1B , gradually approach 0.
The heat rates in Plug 2, Q 2A and Q 2B , have the similar trends to those in Plug 1 but have relatively larger magnitudes. This is because Plug 2 has a larger thermal conductivity than Plug 1 with a ratio of κ = 2.
Heat transfer across plug-plug interface PP
The coupling effect between plugs results in heat transfer between adjacent plugs, affecting the overall process of asymmetric heat transfer in plug trains. The heat rates at plug-plug interfaces are plotted in Figure 7 (b).
Taking Plug 1 as an example, during the formation of the thermal boundary layer, Q F < 0 indicates that heat transfer is from Plug 1 to the adjacent plug at the rear interface of Plug 1, while Q H > 0 indicates that heat transfer is from Plug 2 to Plug 1 at the front interface of Plug 1. This is because the recirculating flow in the lower half of the plug is in the clockwise direction.
The thicker thermal boundary layer at the rear of the plug results in a higher fluid temperature than that at the front. The magnitudes of Q F and Q H increase dramatically with the development of the thermal boundary layer. This is because the growth of the thermal boundary layer results in a larger temperature difference between the front and the rear of the plug.
The advection of the heated fluid in the lower half of Plug 1 homogenize the fluid temperature, which reduces the heat transfer at plug-plug interfaces Q F and Q H . As time passes, the fluid temperature gradually approaches the wall temperature. Consequently, the heat transfer rates at the plug interfaces, Q F and Q H , gradually approach 0.
The other two paths of heat flow between plugs is at the upper part of the plugs, Q E and Q G . Initially, Q E and Q G are 0, as shown in Figure 7 (b). This is because the fluid in the upper region is still at the initial temperature. As the heat transfer progress, the fluid temperature in the upper half of the plug increases. Due to the counter-clockwise recirculating flow in the upper half of the plug, the fluid near the front has a higher temperature than that at the rear of the plug. Therefore, at the front of Plug 1, heat is transferring from Plug 1 to Plug 2 (Q G < 0), while at the rear of Plug 1, heat is transferring from the adjacent plug to Plug 1 (Q E > 0). As the temperature difference between the front region and the rear region builds up, the magnitudes of Q E and Q G increase, which indicate the increase of heat rate at the interfaces.
As the fluid temperature gradually approaches the wall temperature, the magnitudes of Q E and Q G gradually decrease and approach 0. 
Effect of conductivity ratio (κ)
To study the effect of conductivity ratio (κ) on the process of asymmetric heat transfer, the thermal conductivity of Plug 1 (k 1 ) was fixed, while the thermal conductivity of Plug 2 (k 2 ) was varied to achieve a conductivity ratio The ratio of the volumetric heat capacities is ξ = 1, the ratio of thermal conductivity is κ = 2, and the Peclet number is P e = 100.
Effect of Peclet number
To study the effect of Peclet number on heat transfer in plug trains, the Peclet number is increased from 50 to 6400, while other parameters are fixed,
i.e., the dimensionless plug lengthL 1 =L 2 = 2, the ratio of the volumetric heat capacities ξ = 1, and the ratio of thermal conductivity κ = 2. The temperature contours at the axial locationX = 20 are shown in Figure 11 .
At a low Peclet number (e.g., P e = 50 in Figure 11a ), the diffusion is strong, and heat is diffused rapidly from the bottom wall to the entire region of the plugs. As the Peclet number increases (e.g., P e = 6400 in Figure 11e ), the diffusion effect reduces, and the advection effect becomes prominent, which advects the heated fluid along the streamlines. In addition, due to the low diffusion effect at high Peclet numbers, large temperature gradient is formed near the bottom wall and near the mid-plane SS, which indicates the inefficient heat transfer from the bottom wall to the lower half of the plug and from the lower half to the upper half of the plug.
Heat transfer with QA boundary condition
Process of asymmetric heat transfer
The heat transfer at QA boundary condition shares similar features with that at TA boundary condition, as shown in Figure 12 . The bottom wall is maintained at a constant surface heat flux, the top wall is adiabatic, and the plug initially has a uniform temperature [ Figure 12 The ratio of the volumetric heat capacity is ξ = 1 and the ratio of thermal conductivity is κ = 2. The Peclet number is P e = 100. The asymmetric boundary condition results in heat transfer across the mid-plane, which is quantified by Q 1B and Q 2B . Meanwhile, the coupling effect between adjacent plugs results in heat transfer across plug-plug interfaces, is quantified by Q E , Q F , Q G , and Q H , as illustrated in Figure 5 .
Heat transfer across the mid-planes
With a constant surface heat flux maintained at the bottom walls, the heat rate at the bottom wall is uniform as shown in Figure 13 (a).
The heat rate across the mid-plane of Plug 1 Q 1B is initially 0 due to the uniform temperature distribution. With the progress of heat transfer, the temperature in the lower half of the plug increases, and results in a temperature difference between the lower and upper half of Plug 1. Therefore, a heat rate Q 1B is formed, which increases when the temperature difference gradually builds up. As the heat transfer in the plug train becomes fully developed, the heat rate Q 1B becomes constant.
The heat rates in Plug 2 have the same trend but of a larger magnitude. This is because Plug 2 has a larger thermal conductivity (κ = 2).
Heat transfer across plug-plug interfaces
The heat transfer across the plug-plug interfaces is quantified by Q E , Q F , Q G , and Q H , and plotted in Figure 13 are all zero because the temperature in the plug is uniform. The signs of these values are the same as those at TA boundary condition because the same recirculating direction results in the same direction of heat transfer.
The magnitudes of Q F and Q H increase due to the built up of temperature difference in the plugs. The variation of Q E and Q G is delayed because it needs a certain period for heat transfer to the upper half of the plugs.
A significant difference with TA boundary condition is that the heat rates at the interfaces do not approach 0 but constant values. This is because heat is continuously provided from the bottom wall, the fluid temperature in the plug keeps increasing, and the temperature gradient in the plug is maintained.
Effect of conductivity ratio (κ)
To study the effect of the ratio of thermal conductivities, the thermal with QA boundary condition. The dimensionless lengths of the plugs areL 1 =L 2 = 2.
The ratio of the volumetric heat capacities is ξ = 1. The Peclet number is P e = 100. was varied. The temperature contours at the axial location ofX = 20 is shown in Figure 14 , for the ratio of thermal conductivities ranging from 1 to 10. At a higher value of κ, the temperature in Plug 2 is more uniform, and is less distorted by the recirculating vortices. This is because the higher conductivity in Plug 2 can diffuse heat more effectively.
The variation of the heat transfer rates at different planes against the axial location of the channel are plotted in Figure 15 , for plug trains with different ratios of thermal conductivities. With increasing κ, the thermal conductivity of Plug 2 increases, which more effectively transfer heat from the wall to the liquid in Plug 2. Being similar to that of TA boundary condition, Q 2B increases with increasing the ratio of thermal conductivity [ Figure 15 ]. This is because heat can be effectively transferred to the mid-plane SS at large thermal conductivities. At the same time, the heat rate across the mid-plane in Plug 1 is reduced because more heat can be transferred at the plug-plug interfaces [ Figure 15 (a)]
With increasing κ, higher conductivities in Plug 2 result in a more uniform temperature in Plug 2. Therefore, the fluid temperature in the upper half of Plug 2 is higher than that of Plug 1, which results in the increases of Q G , i.e., the heat rate at the upper half of the interface. Like that in TA boundary condition, Q G in QA boundary condition can become positive for large ratios of thermal conductivities. In addition, heat transfer at the rear interface of Plug 1 also increases under the effect of the adjacent plug.
The effect of κ on heat transfer rates Q F and Q H is complex because the heat flux at the bottom wall is fixed at a constant value. In contrast to TA boundary condition, higher conductivities do not result in a higher temperature, but result in more uniform temperature distribution, as shown in Figure 14 . This is because the heat flux at the wall is fixed to a constant value.
With increasing κ, the heat rate at the lower part of the interface between the two plugs increases, which is the same as that in TA boundary condition.
However, since the heat flux at the bottom wall is fixed at a constant value, the heat provided by the bottom wall is immediately conducted away to the upper part of Plug 2, and the temperature gradient in the axial direction is greatly reduced. Therefore, the increasing of κ cannot provide more heat for the heat transfer to Plug 1. Consequently, the heat transfer rate across the lower half of the interface Q H reduces with increasing κ. In addition, with increasing κ, the temperature distribution in the left adjacent plug is also very uniform like Plug 2. Therefore, the heat that is transferred to the left adjacent plug could be effectively diffused away, which causes the increase of the magnitude of Q F with increasing κ. Also because a constant heat flux is maintained on the wall, the magnitude of Q F decrease slightly when κ is increased above a certain limit.
Conclusions
The heat transfer process in plug trains subjecting to asymmetric 
